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Introduction
Food powders are largely produced and used as ingredients in many food formulations or consumed as end products such as milk powder, instant coffee, sugar, infant formulas, etc. The importance of food powders production and consumption is mainly linked to the convenience offered by powders, especially regarding their chemical and microbiological stability due to reduced water content, which also leads to reduced mass and easier and more economic transport (Forny et al. 2011) . But powders must have good end-use properties, and an agglomeration step is often necessary to produce instant products dispersing and/or dissolving quickly in liquids (water, milk) with a good flowability.
Different agglomeration technologies are available. In particular, fluidized bed agglomeration of individual particles (100-200 μm) is used to produce large and porous dry agglomerates (700 μm-1 mm) with modified properties such as density, flowability, mechanical resistance, and instant properties. Initial particles are fluidized in rising hot air and sprayed at their surface with a liquid (binder solution or water) to render them locally sticky. Collisions between fluidized wet "sticky" particles allow adhesion with the formation of either liquid or sinter bridges through viscous flow in the case of amorphous powders (Fries et al. 2010 ). The simultaneous drying by the hot fluidization air ensures the consolidation of the new structure formed. Drying must be controlled to avoid collapse of the particle bed (insufficient drying) or insufficient wetting leading to no agglomeration (too much drying). The repetition of the different steps of wetting, collision, adhesion, drying, and mixing leads to the progressive growth of agglomerates in which initial particles still can be identified. Fluidized beds are characterized by efficient mixing and intensive heat and mass transfer. In top of sprayed fluidized beds, it was shown that, despite the efficient mixing of particles, three thermal regions can be identified (the wetting active zone, the isothermal zone, the heat transfer zone), with size depending on the operating parameters. Agglomeration is thought to occur mainly in the wetting active zone where temperature and humidity conditions allow having sticky particles (Jimenez et al. 2006; Heinrich et al. 2003; Wnukowski 1997, 1998) . Fluidized bed agglomeration is a complex process in which many parameters interact influencing the growth kinetics and the structure and properties of the agglomerates obtained. Some are linked to the product (composition, size, size distribution, "surface reactivity"), others are linked to the equipment (geometry of the chamber, way of introducing the sprayed liquid, air disperser) and to the process. Especially, the spraying rate of the liquid, the droplet size, the flow rate, temperature and humidity of the fluidizing air, and the particle load may have an important effect on the agglomeration process. Several studies have shown that the increase of the liquid spraying rate (Niskanen et al. 1990; Dewettinck et al. 1998) or of the sprayed droplets size (Waldie et al. 1987) leads to produce larger agglomerates. And an increase of the initial particle load may make fluidization inefficient and lead to large clusters due to local wetting and to an excess of particles not well fluidized.
In this work, milk powder was used as a model food powder. Milk particles are complex mixtures of carbohydrates, proteins, minerals, and fats. During fluidized bed agglomeration with water spraying in hot air, amorphous carbohydrates are likely to undergo glass transition due to the plasticizing effect of water wetting locally the particles. If the surface viscosity becomes locally lower than 10 8 Pa.s, the critical viscosity corresponding to sticky particles, sinter bridges may be formed when particles collide (Palzer 2011) . At the same time, fats, known to be overrepresented in the first layers of the particle surface, even in skim milk particles (Kim et al. 2009; Murrieta-Pazos et al. 2011) , may melt and also contribute to adhesion between colliding particles. Despite agglomeration being an important step in the production of "instant milk powder" (Banjac et al. 1998 (Banjac et al. , 2009 Koga et al. 1989; Neff and Morris 1968) , some knowledge gaps still exist especially concerning the mechanisms of agglomerate formation and their relation with initial particle properties and process conditions.
The aim of this study was to investigate the influence of some process (sprayed water flow rate, particle load) and product parameters (composition, initial particle size) on the growth of skim (SMP) and whole (WMP) milk powder agglomerates in order to understand the mechanisms involved during wet agglomeration in fluidized bed and their impact on the physical and handling properties of agglomerates and powders.
Materials and methods
Skim and whole milk powders (Table 1) , provided by Lactalis (France), were sieved between 100 and 250 μm (Analysette 3 Spartan, Fritsch, Ge-200 g, 4 min, amplitude of vibration 2.5 mm) to get initial particles with similar monomodal particle size distribution. After sieving, they had a median diam-eter of 198 and 235 μm, respectively. For skim milk powder, a second size fraction with a median diameter of 350 μm (sieved size fraction >250 μm) was also prepared. Their initial water content was 4.9 and 5.3 g.100 g -1 dry matter, respectively, for SMP and WMP. Agglomeration trials were performed in a bench-scale batch fluidized bed granulator (UniGlatt, Glatt, Ge) (Fig. 1) . The conditions tested are summarized in Table 2 . They were chosen in order to have, in any case, at the end of the trial, the same ratio between the total mass of water sprayed and the mass of milk particle in the bed, e.g., 55± 1 g.100 g − 1 particle. For trials 2 and 3 corresponding respectively to a smaller spraying flow rate and a larger particle load, this led to trials with different spraying durations (e.g., 38 and 40 min, respectively, compared to 30 min for other trials).
For all the trials, the hot air flow rate was similar and kept constant (75 kg.h
), allowing an initial fluidized bed height of about 26 cm (about 1 cm below the nozzle liquid tip), and ensuring a good fluidization of the particles along the trial, but the powder bed height was not controlled.
At first, initial particles were heated up (12-20 min) in the fluidizing air to reach a stable bed temperature T b of 55±1 °C. Then, distilled water (20 °C) was top sprayed using a twofluid nozzle (type 970, Schlick) with a relative air pressure of 1 bar (spraying air flow rate inferior to 1 kg.h − 1 ). The sprayed water drops had a median volume diameter d 50 of about 39 μm for the water flow rates tested (Spraytec, Malvern, France). The pulverization of water caused a decrease of the bed temperature T b of about 10 to 15 °C (Fig. 2) . In order to have the same constant bed temperature T b =49±1 °C during the pulverization for all the trials, the inlet air temperature was adjusted along the trials.
Additional experiments were carried out in similar conditions with both skim and whole milk powders fluidized in hot air without water pulverization to check the effect of heating in the agglomeration process (i.e., melting of some surface components). Bold characters are for the parameter varied in the trial During the trials, samples (approximately 4 g) were regularly taken in the bottom of the fluidized bed (6 cm above the air disperser) at preset times (≈ each 5 min) with a perforated tube (Turchiuli et al. 2012 ). The final agglomerated powder was immediately recovered into hermetic jars (without drying/cooling stage in order to avoid breakage of the agglomerates due to attrition) and stored at ambient temperature before analysis within the following 24 h.
Particle size distribution was obtained by manual sieving (2 g, 2 min) using a series of 14 sieves (diameter 5 cm) with openings between 100 and 2,000 μm according to a 2 1/3 geometric progression. Powder water content was measured by oven drying (105 °C, 1 g, 24 h). Final powder wettability was estimated by measuring the time required for 5 g of powder to completely sink in 100 mL of water (20 °C) contained in a 400-mL beaker with a 70-mm diameter and 135-mm height. Bulk and tapped densities were obtained measuring the volume occupied by a given mass of powder in a 25-mL test tube before and after 1250 falls (density tester, Varian, France). Flowability was estimated measuring the time required for 10 g of powder to flow out of a calibrated funnel (AFNOR NFB 35032). The water activity was measured by capacitance hygrometer method (Thermoconstanter, Novasina). When fluidizing skim and whole milk particles in hot air without spraying water, no evolution of the particle size distribution was observed during at least 50 min. While for fat filled milk powders some stickiness may be attributed to surface fat, for the two powders tested, the agglomeration process required spraying water on the particle surface to increase its adhesiveness. And, in the studied conditions, the growth of milk agglomerates may be attributed mainly to carbohydrates.
Repeatability of agglomeration trials
Trial 1 with skim milk powder was repeated three times (1, 1a, and 1b), keeping the same operating conditions, in order to check the influence of "not controlled" parameters on the evolution of the particle size distribution and water content of samples. Especially, the relative humidity HR air and water content Y of the fluidizing air taken from the outside were not controlled and may vary from one trial to another (Table 3 ). The sprayed water flow rate also slightly varied despite the same settings of the pump, and the manual regulation of the bed temperature T b led to some differences (±1 to 2 °C) between each trial. The evolution of the median diameter d 50 of the samples was similar for the three trials (Fig. 3a) , but the evolution of the water content (Fig. 3b) was slightly different for trial 1a. The lower water content of the samples in this case may be explained by the lower water content Y of the drying air (5 g.kg − 1 to be compared to 7 g.kg
for trials 1 and 1b) and the higher bed temperature (50.7 °C compared to 48.2 and 49.3 °C) (Table 3 ) corresponding both to more efficient drying conditions leading to drier agglomerates. From these results, it seems that repeatability concerning agglomerate growth was good (sufficient) and made it possible to compare between the trials performed in different operating conditions. But results concerning the water content will have to be considered carefully since subjected to some variation due to the "not controlled" parameters.
Influence of process and products parameters on agglomerates growth
Both the kinetics and mechanism of agglomerates growth were studied for different sprayed water flow rate and initial particle load, size, and composition. Figure 4 depicts the evolution of the median diameter d 50 and relative water content increase (w− w 0 )/w 0 of the samples taken each 5 min during the pulverization stage. For all the conditions tested, similar evolution were observed with, during the first minutes, a rapid increase of the median diameter and particle water content, and then a slow down followed, in some cases, by a stabilization especially for the water content increase. This evolution is typical for soluble particles (Jimenez 2007) .
Growth kinetics
Comparing with trial 1, the decrease of the water flow rate (trial 2) or the increase of the particle load (trial 3) decreased the growth kinetics and led to a lower increase of the moisture content of the powder (Fig. 4) . In both cases, the ratio between the quantity of water sprayed per unit time and the mass of particle in the fluidized bed, corresponding to a specific rate of wetting, is decreased (from 19.10 − 3 to about 14.10 − 3 g water.g − 1 solid.min
). At a given time, less water is therefore available at the surface of each particle to contribute to its stickiness and to the formation of bridges.
When increasing the size of the initial particles (trial 4-350 μm instead of 198 μm for trial 1), no modification was observed in the evolutions of the relative water content increase, and the evolution of the median diameter had a similar shape with a constant gap upward corresponding to the initial size difference (about 150 μm) (Fig. 4) . As a consequence, the evolution of the size increase (d 50 − d 50 ) with time was similar for trials 1 and 4 despite the different size ratio between the (Fig. 5) . In this range of variation, this parameter does not control the growth kinetics of agglomerates. To end, when agglomerating whole milk particles (trial 5) instead of skim milk particles (trial 1) in similar conditions, no difference was observed in the evolution of the median diameter with time and only a small gap upward appeared in the evolution of the water content increase (Fig. 4) . This gap may be attributed to the higher hygroscopicity of whole milk powder compared to skim milk powder. But, since no difference occurred in the growth kinetics, it seems that this has no influence on the development of the surface stickiness attributed to the presence of carbohydrates. Despite a different bulk composition, skim and whole milk powders may have a close surface composition (Murrieta-Pazos et al. 2011) , and therefore a similar surface "reactivity" regarding agglomeration. This reactivity seems to be linked to the presence of lactose that was found to be the key component in the state diagram of milk regarding glass transition (Vuataz 2002) .
Growth mechanism
The growth mechanism of agglomerates was investigated through the evolution of the particle size distribution with the spraying time (Fig. 6a) . (Table 4) . Moreover, the evolution of the mass fraction in each size class with time ( Fig. 6b) showed three typical evolutions corresponding to the three populations. The first population corresponding to the initial particles was characterized by a fast decrease in mass percentage during the first minutes of water pulverization (Fig. 6c) . As the proportion of initial particles decreased, the proportion of intermediate particles increased rapidly during the first minutes and then decreased progressively while the third fraction, corresponding to agglomerates, increased progressively with a slow down when almost all the initial particles had disappeared. The optical observation of skim and whole milk agglomerates during their growth showed that agglomerates develop a porous structure with irregular shape (Fig. 7) . This Fig. 8 Evolution of the median diameter increase according to the ratio between the weight of sprayed water and the weight of particle is consistent with a class by class growth mechanism with first, the association of initial particles into rather compact intermediate structures, and second, the association of these structures into larger and larger loose agglomerates.
Properties of final powders
Whatever the conditions tested for the same quantity of water sprayed per unit mass of particle (e.g., 55 g water.100 g − 1 particle), agglomerates obtained had similar diameters (e.g., comprised between 640 and 700 μm for 200 μm initial particles) (Table 4 ). Compared to the initial powder requiring several hours to sink into water, all the agglomerated powders had a very good wettability and were nearly instant. This was probably due to their larger size and more porous structure (Fig. 7 ) also leading to a significant decrease of their bulk and tapped density (factor 2). The flowability of the initial skim milk powders was very good and was not modified after agglomeration despite the irregular shape of agglomerates. For the whole milk powder, flowability was significantly improved after agglomeration. The powder water content was increased from 4.5 to about 7% since, in order to avoid breakage due to attrition, agglomerates were collected immediately after stopping spraying without the usual drying/cooling step.
Discussion
The sprayed water flow rate (trial 2) and the initial particle load (trial3) were found to have an influence on the agglomerates growth kinetics since modifying the quantity of water available at the particle surface. But this may also be due to changes in the growth mechanism, especially when changing the particle load in the chamber, since with a higher particle load, the higher particle density may lead to a higher collision probability. When representing the median diameter increase (d 50 − d 0 50 ) according to the ratio between the weight of sprayed water and the weight of particle, very similar curves were obtained whatever the conditions tested (Fig. 8) . In these conditions, the size growth mechanism seems therefore to be mainly controlled by the quantity of water sprayed. And a critical ratio between the weight of water sprayed and the weight of particle corresponding to the transition between the constant rate growth phase and the decreasing rate growth phase can be determined. This critical ratio is about 0.1 g water/g particle. It is reached in the early minutes of the process and seems to correspond to the disappearing of the initial particles. This is in agreement with the two stages of growth mechanism suggested here and already observed during wet agglomeration of milk powder in vibro-fluidized bed (Banjac et al. 1998) or of durum wheat semolina in low shear mixer (Saad et al. 2011) : first, the initial particles associate into small intermediate structures also called "nuclei" from which larger agglomerates are progressively built.
Conclusion
Fluidized bed agglomeration of milk powder generated significant changes in particle size distribution of the powder and on the particle structure, and improved the powder handling properties (wettability, flowability).
The bulk composition of the milk powder (skim or whole milk) did not influence the agglomeration kinetics. Particle stickiness, attributed to the presence of lactose at the particle surface, developed similarly for both skim and whole milk powders. In the conditions tested, the size increase mainly depended on the relative weight between the water sprayed and the particle load. The sprayed water flow rate and the particle load only influenced the growth kinetics but not the growth mechanism with, in any case, two stages corresponding respectively to the association of initial particles into intermediate structures (315-630 μm) , and then, the progressive formation of larger agglomerates (700 μm). The transition between both stages corresponded to a critical value of the relative weight of water sprayed of 0.1 g water/g particle. This growth mechanism may have an influence on the agglomerates structure that may be different for skim and whole milk agglomerates leading to a different behavior during later use. The relationship between the growth mechanism and the agglomerate structure and the consequences on the agglomerated powder properties have to be further investigated.
